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Abstract
It has been observed that highly-proliferating cells, such as cancer cells, rely mainly on
glycolysis for ATP production, regardless of presence of oxygen. This effect, however,
can be reversed by changing the main energy substrate in the medium from glucose to
galactose. The oxidation of galactose in glycolysis yields less net ATP, presumably
forcing the cell into OXPHOS. This has been established in many cell lines, including
HeLA, HepG2, and skeletal muscle cells. As of yet, this has not been reproduced in
neuronal cells. Using Neuro2a, a murine neuroblastoma cell line, this study exposes
neuronal cells to galactose medium, and measures effect on neurite outgrowth, cell
proliferation, and other indicators of metabolic function. An increase in neurite length
and overall growth was observed in galactose-grown cells, as was an increase in
doubling time (n = 3, p < .05). Oxygen consumption shows an increase of 20% in
galactose grown cells (n=5-10, p < .05). Mitochondrial protein shows an increase in
galactose-grown cells {n=3, p < .05).
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Introduction

The brain, with its vast network of connections and communication, is a
major consumer of cellular energy. The brain utilizes a fifth of all oxygen and a
fourth of all glucose consumed by the human body (Belanger, Allaman,

&

Magistretti, 2011). Most of the adenosine triphosphate (ATP) generated in the
brain is used for maintaining ion gradients required for the transmission of nerve
signals, and failure to maintain this energy balance has been linked to many
neurological disorders (Belanger, Allaman,
Stankowski,

&

&

Magistretti, 2011; Zeiger,

Mclaughlin, 2011). Glucose is the main source of energy in the

brain. Brain cells uptake glucose via glucose transporters, GLUT3 in particular.
Glucose is then phosphorylated by hexokinase to produce glucose-6-phosphate.
Glucose-6-phosphate is catabolized by a number of metabolic pathways-the
main ones in neurons being glycolysis and the pentose phosphate pathway
resulting in multiple intermediates that are oxidized to generate energy. Most
glucose is ultimately oxidized to C02 and water, but intermediates include
lactate, pyruvate, glutamate, and acetate (Zeilke, Zeilke,

&

Baab, 2009).

Neurons primarily use glycolysis coupled with oxidative phosphorylation
(OXPHOS) to oxidize glucose to meet cellular energy demands (Pfeiffer et al,
2013). In this process, oxidative phosphorylation alone generates 32 of the 36
molecules of ATP produced from each glucose molecule (Vander Heiden,
Cantley, Thompson, 2009).
In contrast to the primary reliance of oxidative phosphorylation in vivo,
most cancer cells, including those routinely used cell line models used in in vitro
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studies, generate almost all ATP via glycolysis alone, only sending about five
percent of the pyruvate to the mitochondria, despite functional mitochondria and
an abundant supply of oxygen (Crabtree, 1929; Mot, Liddell, White, & Crouch,
2016; Marroquin, Hynes, Dykens, Jamieson,

&

Will, 2007). This would appear to

be an inefficient change in metabolism, from an ATP production standpoint.
However, as long as there is an abundance of nutrients, this does not appear to
be a limiting factor. In addition, proliferation calls for much more than just ATP
in fact, in order to sufficiently fuel proliferation, much of the glucose in the cell
cannot be used for ATP synthesis in these highly-proliferating cells-it is needed
in the production of macromolecule precursors (Vander Heiden, Cantley, &
Thompson, 2009).
The striking difference in glycolytic-dependent immortalized cell lines
versus oxidative phosphorylation-dependent cells in vivo places the model
outside the lines of physiological conditions and makes it harder to extrapolate
results from cell lines to normal physiology. For example, drug toxicity studies in
immortalized cell lines fail to evaluate the impact of drugs on oxidative
phosphorylation and mitochondrial toxicity, since cell lines grown in glucose
containing medium rely mostly on glycolysis to generate ATP (Dott, Mistry,
Wright, Cain, & Herbert, 2014).
The observed shift to glycolysis alone can be reversed. One method used
to force cell lines to use oxidative phosphorylation to generate energy is by
replacing glucose with galactose and glutamine in the cell culture medium
(Rossignol et al., 2004; Dott et al., 2014; Marroquin et al., 2007; Mot et al., 2016).

2

Galactose is a hexose, differing from glucose only by the configuration of its
carbon four hydroxyl group (Zeiger, Stankowski, & Mclaughlin, 2011) It is not an
.

essential amino acid, and is synthesized in the human body from a glucose
precursor via a number of proposed mechanisms, including a Walden inversion
of the hydroxyl group, the condensation of two trioses, or via intermediates such
as cyclitols (Dimant, Smith, & Lardy, 1953). In addition, galactose can also be
found in many foods. The main dietary source is found in foods containing
lactose, like milk and yogurt, but galactose is also found in small amounts in
many whole foods, such as honey, celery, and beets. Galactose is metabolized
by 0-galactokinase and galactose-1-phosphate uridyltransferase (Kumar,
Prakash, & Dogra, 2011; Liu, Nagpure, Wong, & Bian, 2013). In contrast to the 2
net ATP that can be generated by the glycolytic metabolism of glucose, glycolytic
metabolism of galactose yields no net ATP (Auger et al., 2011) In glucose-free
.

medium, the reliance on galactose and glutamine forces the cultured cells to
depend on mitochondrial oxidative phosphorylation to produce ATP. This
appears to be accompanied by other metabolic and mitochondrial changes as
well, including an increase in mitochondrial oxidative capacity due to higher
levels of electron transport chain (ETC) proteins. These changes have been
characterized in many cell lines.
In human cervical cancer (Hela) cells, proliferation rates have been
shown to be significantly slower when grown in galactose, and medium
acidification occurs at a slower rate as well due to a smaller production of lactate.
Expression levels of multiple mitochondrial proteins involved i n the respiratory
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chain have been found to be significantly increased in Hela cells grown in
galactose-based medium as opposed to glucose-based, including porin, citrate
synthase, mitochondrial complexes I, II, V, and pyruvate dehydrogenase subunit
E1 a (Rossignol et al., 2004). These effects, though not as dramatically, have
also been reproduced in a primary lung fibroblast cell line (Rossignol et al.,
2004). Rat skeletal muscle cells grown in galactose have shown OXPHOS levels
that were increased by at least 50%, operating near to maximal capacity.
However, these cells are unable to upregulate glycolysis in the event of oxygen
consumption rate (OCR) inhibition due to mitochondrial toxicants, whereas cells
grown in glucose-based medium are unhindered by mitochondrial perturbation
(Dott et al., 2014). Human liver carcinoma (HepG2) cells also have shown a
doubling of oxygen consumption when cultured in galactose, and are much more
sensitive to electron transport inhibitors. Glucose-grown HepG2 cells, however,
show little change in ATP levels in response to electron transport inhibitors,
except when in the presence of a glycolysis inhibitor (Marroquin et al., 2007).
Human primary muscle cells also showed similar effects, showing a higher basal
mitochondrial oxygen consumption rate, as well as a higher non-mitochondrial
OCR in cells cultured in galactose as compared to glucose cultures, thought to
be at least partly due to an increase in AMPK phosphorylation and COX activity.
Galactose-cultured primary muscle cells also showed lower levels of lactate
released into the medium (Auger et al., 2011). These changes, cultivating a
higher reliance on mitochondrial respiration, cause cell lines to become more
sensitive to mitochondrial toxicants (Marroquin et al., 2007; Rana, Nadanaciva, &
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Will, 2011; Dykens et al., 2008). Thus, switching glucose for galactose in the cell
culture medium provides a valuable model to study mitochondrial function in
vitro.
Mouse neuroblastoma cell line, Neuro2a (N2a), has been extensively
used as an in vitro model to evaluate neuronal structure and function. Several
studies have also used N2a cells to evaluate mitochondrial structure and
function, and in assays to examine mitochondrial toxicity of drugs. The aim of this
study was to characterize the effects of replacing glucose with galactose in the
culture media of N2a cells. We found that proliferation slowed, oxygen
consumption increased, and mitochondrial protein levels increased in the
galactose-cultured N2a cells. We also observed morphological changes in the
neurite outgrowth of the neurons. This is the first study examining the effects of
galactose on neurite outgrowth, mitochondrial content, and respiration in N2a
cells.
Methods

Cell Culture
Murine neuroblastoma cells (Neuro2a), were obtained from American
Type Culture Collection (Manassas, VA). Cultures were maintained at 37 °C in
6.5 % C02 and 93.5% humidified air, and were cultured in Dulbecco's Modified
Eagle's Medium (DMEM-purchased from Thermo-Fisher Scientific, Chicago,
IL). DMEM was researcher-enhanced with 10% FBS (purchased from Atlanta
Biologicals, Flowery Branch, GA), 1X L-glutamine, 1X PSA, 1X sodium pyruvate
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and 10 mM of either glucose or galactose depending on condition. All additives,
with the exception of FBS, were also purchased from Thermo-Fisher Scientific
(Chicago, IL). Cells were cultured in respective medium for at least 2 weeks, to
ensure all metabolic changes were complete. Medium was aspirated and
replaced every 3-5 days. Cells were subcultured once a week and plated at a
1:40 ratio.
Cell Proliferation
N2a cells were plated in six-well plates, at a concentration of 250,000 cells
per well, in three ml of DMEM containing either 10 mM glucose or 1O mM
galactose, depending on sugar condition. Cells were incubated for 48 hours, then
trypsinized and counted with a hemocytometer, using Trypan blue exclusion.
DoubliFlg time was calculated using the formula: Doubling Time

=

(Duration

*

/og(2)) I (/og(Final Concentration) - log(lnitial Concentration)).
Cell Viability-MIT Assay
N2a cells were cultured for 48 hours at 37 °C in 6.5 % C02 in a ninety-six
well plate at a concentration of -8,421 cells per well in 200 µL of DMEM
containing either 10 mM glucose or 10 mM galactose. The medium was replaced
with 100 µL of DMEM medium with no Phenol Red with 10 µL of MTT stock
solution (12 mM, Vybrant® MTI Cell Proliferation Assay Kit, ThermoFisher
Scientific, Chicago, IL) and cells were further incubated for three hours at 37 °C
in 6.5 % C02. All but 25 µL medium was aspirated, and cells were incubated for
10 minutes in 50 µL of DMSO, mixing well before and after incubation to ensure
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complete solubility of the blue formazan crystals. The absorbance at 540 nm was
measured using a microplate reader (BioTek Instruments, Winooski, VT).
Neurite outgrowth and quantification
Neuro2a cells were plated on 12-well plates at a density of 100,000 cells per
well, with six wells designated to each sugar. After a 24-hour incubation period,
medium was aspirated and each well was washed with PBS. Media of varying
fetal bovine serum (FBS) concentrations was then added to each well (to allow
for varying levels of differentiation). Within each sugar condition, there was a well
designated for 10%, 2%, and 0% FBS. Cells were then cultured in this medium
for 72 hours, with medium being changed once at 48 hours after the initial
medium replacement.
Images of cell plates were obtained using AmScope microscope camera
and software. Five fields were captured per well, one image per center, top left,
top right, bottom left, and bottom right of the well. Neurite outgrowth was then
quantified via NeuronJ, an lmageJ add-on. Each neurite was traced and length
was recorded in pixels and converted to µm. Only neurites measuring at least 30
µm were c�nsidered in the calculation of percent neurite bearing cells, but all
measurements were used for longest neurite and combined length of neurites
calculations.
Respirometry
Respiration was measured at 37 °C using 0.5

x

106 cells per ml in each

chamber of the Oxygraph-2K (OROBOROS Instruments, Innsbruck, Austria).
7

Routine respiration of intact cells was measured in either DMEM supplemented
with 10 mM glucose or 10 mM galactose. The media compositions in these
experiments were identical to the media used to culture cells. Cellular respiration
was uncoupled by successive titrations of carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP; 0.5 µM steps). LEAK respiration was measured in the
presence of the FO-F1 ATPase inhibitor, oligomycin (2 µg/mL). DATLAB software
(OROBOROS Instruments, Innsbruck, Austria) was used for data analysis and
acquisition.
Western blot
Neuro2a cells cultured in DMEM supplemented with either 10 mM glucose
or 10 mM galactose were lysed upon confluency and proteins isolated using a
RIPA buffer cocktail, including 1x protease inhibitor and 1x EDTA. The protein
concentration of the samples was quantified using BCA quantification, and
denaturized using beta mercaptoethanol. About 20 µL of protein was separated
by a 10% SDS-polyacrylamide gel electrophoresis and then transferred to a
nitrocellulose membrane. Beta-tubulin was used as a loading control. Levels of
mitochondrial complex protein were assessed using the Abeam total OXPHOS
Rodent Western Blot Antibody cocktail (Cambridge, MA), at a concentration of 6
µL/mL in blocking buffer. This is a cocktail of five mouse antibodies, Cl subunit
NDUFB8, Cll-30kDa, Clll-Core protein 2, CIV subunit I, and CV alpha subunit as
an optimized premixed cocktail. Proteins were detected using an anti-mouse
secondary antibody, and visualized using chemiluminescence reagents and
exposed to film. Band density was quantified using Image J software.
8

Results
Effects of galactose-culture on cell proliferation rates
A proliferation study showed that doubling time was significantly slower for
galactose-cultured cells, as determined by Student's t-test. Cells were allowed to
adhere and grow normally in the respective media in a six-well tissue culture
plate for 48 hours. After an increase in doubling time of about 20% was observed
in Neuro2a when cultured in medium containing 10 mM of galactose as opposed
to the control condition of Neuro2a cultured in medium containing about 10 mM
glucose (n=3, p < 0.05; Fig

1.)

Effects of galactose on cell viability
Neuro2a cells, cultured in DMEM supplemented with either 10 mM glucose or 10
mM galactose were plated in 96-well plates, at a concentration of 8,400 cells per
well, in order to properly reflect the conditions established in the Trypan blue
exclusion proliferation assay. Absorbance level in the glucose condition, when
read at 540 nm was significantly higher than the galactose condition(p<0.05),
indicating a significantly higher number of viable cells in the glucose culture. This
further supports the previous findings of a higher proliferation rate when cultured
in glucose-based medium.
Effects of galactose on neurite outgrowth
As highly proliferating cells are less poised for differentiation, a decrease in
proliferation posed the question of differences in differentiation-in this case
neurite outgrowth. All outgrowths were traced with the NeuronJ plugin, and a
9

'neurite' was defined as any outgrowth greater than 30 µm in length. Upon
imaging with lmageJ software, a significant increase in percent of cells bearing
an outgrowth that qualified as a neurite was observed in the galactose-cultured
cells as opposed to glucose-cultured (n=9, p < 0.04; Fig 2.) However, neurites
were not only more numerous-overall neurite growth was also significantly
increased in the galactose-cultured cells, giving a greater combined length of all
neurite present (n=9, p < 0.0005; Fig 3.) Average length of longest neurite per
cell also showed an increase in a trend approaching significance, but was not
quite significant (n=9, p = 0.08; Fig 4.) All significance levels were determined via
Student's T-test.
Cell Respiration
As previously stated, a metabolic shift from primarily anaerobic glycolysis alone
to OX-PHOS has been observed in many other cell lines undergoing the shift
from glucose- to galactose-culture. In order to ascertain that Neuro2a cells were
following a similar trend, oxygen consumption was measured by titration into an
Oxygraph-2k. When observed over a two minute period, after flux-line
stabilization, an approximately 20% increase in oxygen consumption was
observed in the galactose-cultured cells as opposed to glucose, giving a
significant difference between conditions (n=4, p < 0.05; Fig 5.) Significance
levels were determined via 1-way ANOVA and Bonferroni-Holm post-hoc
analysis.
Effects of galactose on mitochondrial levels
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A Western Blot was done of mitochondrial complexes in Neuro2a cells cultured in
DMEM containing either 10 mM glucose or 10 mM galactose, using the Total
OXPHOS Rodent WB Antibody Cocktail from Abeam. Five bands were
recognized at 20, 30, 40, 48, and 55 kD, correlating with the five mitochondrial
complexes. This matched the rat heart mitochondria WB control provided,
supporting antibody specificity. Band density was quantified using Image J
software, showing a significant increase in level of mitochondrial protein in·
galactose-cultured Neuro2a cells. This increase was subsequently visualized
using Mitotracker Red, which further supported the presence of an increase of
mitochondria in the galactose culture.
Discussion

Previous studies have shown that there is an inverse relationship between
cell glucose utilization and respiration. This relationship is highly regulated by
several different processes. Recent studies have elucidated the metabolic
changes that occur due to experimentally forcing cells to rely on OXPHOS.
Perhaps the n:iost clinically pertinent of the changes found in cells following a
switch from glucose medium to galactose medium is the increased sensitivity to
mitochondrial toxicity. As highly-proliferating cells are not dependent on
mitochondria alone for ATP production, these cells can incur mitochondrial
damage with no apparent signs. It is inhibition of glycolysis that is lethal to
glucose-grown cells. In contrast, once switched over to galactose medium,
electron transport inhibitors, oligomycin, and the uncoupler FCCP that have little
effect on glucose cells, severely reduce the amount of ATP within the galactose
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cell (Rossignol et al., 2004). These effects have been demonstrated repeatedly in
Hela cells, skeletal muscle cells, and the HepG2 cell line.
Galactose has been demonstrated to slow proliferation in both HepG2
(Marroquin et al., 2007) and Hela (Rossignol et al., 2004). To our knowledge,
this is the first study to characterize these changes in the widely used Neuro2a
cell line. This study showed a 20% increase in doubling time for galactose
cultured cells. This is, in part, probaby due to the lack of intermediates needed in
the pentose phosphate pathway. Not only is galactose taken up more slowly than
glucose (GLUT transporters have a much higher affinity for glucose than
galactose), but it is metabolized nearly eight times more slowly, meaning ribose
and NADPH, which are important intermediates for the pentose phosphate
pathway are formed at a much slower rate. Thus, the growth rate slows (Wagner,
Marc, Engasser, & Einsele, 1991 ).
Absorbance levels in the MTT assay were nearly 40% higher in glucose
cultured cells as opposed to galactose-cultured. As proliferation rates are higher
in glucose cultures, this is partly due to a higher number of viable cells in glucose
cultures. However, the increase

in

blue formazan was not proportional to the

increase in growth rate. The reduction of MTT, a yellow tetrazole, to blue
formazan is dependent on NADPH-dependent oxidoreductase enzymes.
Therefore, the higher increase in absorbance is most likely due to the more rapid
formation of NADPH in glucose cultures.
Consistent with the fact that cells cannot derive a sufficient amount of ATP
through the glycolytic metabolism of galactose, we saw an increase of about 20%
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in the oxygen consumption rate of galactose-cultured cells. Though not as
dramatic of an increase as seen in other cell lines, this would still indicate a
heavier reliance on OXPHOS when glucose is not present (Dott et al., 2014). As
we saw a significant increase in mitochondrial complex protein levels associated
with OXPHOS, one explanation for the increase is an increase in the synthesis of
electron-transport chain complexes. Other proposed explanations include an
increase in mitochondrial biogenesis (Rossignol et al., 2004). Though
visualizations with Mitotracker Red do support this, it was not statistically
quantified in this study.
Neurite outgrowth is the physical manifestation of neuronal differentiation.
Neuroblastoma cell lines, such as the murine neuroblastoma Neuro2a, exhibit
this morphological behavior, thereby providing a useful model for studying neurite
outgrowth and other instruments of differentiation. These cells initially behave as
highly proliferating, undifferentiated neuroblasts when grown in the presence of
serum. However, when exposed to severely lowered levels or absence of serum
and/or other various stimuli, neurite outgrowth can be induced (Wu et al., 1998).
Similarly, as replacing glucose with galactose switches a cell that is poised for
high proliferation into a state ready for differentiation, this study examined the
morphological changes that occurred due to the transition. This was a novel
approach, as most other galactose studies have focused on metabolism. There
was a significant increase in overall length of neurite outgrowth observed in this
study, regardless of the presence of serum. This increase approached 320% in
the no serum condition. A 260% increase in the number neurons bearing a
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neurite was observed when no serum was present. This further indicates that the
Neuro2a cells grow in galactose are poised for differentiation.
Conclusion

In this study, it has been demonstrated that Neuro2a cells are able to
adapt to galactose-based culture medium. Proliferation rates are consequently
reduced, as is MTT reduction, both attributable to a reduced number of the
intermediates NADPH and ribose. An increase in oxygen consumption in
galactose-cultured cells, as well as an increase in electron transport chain
proteins, indicate a reliance on OXPHOS rather than glycolysis. This further
supports the current understanding that galactose metabolism is too slow to meet
energy requirements of the cell through glycolysis alone. The galactose-cultured
cells appear to be better poised for differentiation, which can be seen through the
increase in neurite presence and outgrowth. However, more work needs to be
done in this area to determine the pathway utilized in this increased neurite
outgrowth, as well as whether it's metabolism driven or a co-effect.
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Figure 1: Neuro2a cells, cultured in DMEM supplemented with either 10 mM glucose or 10
mM galactose were plated in six-well plates,

3 wells per condition.

Cells were allowed to

incubate for 48 hours, then counted via trypsinization and Trypan blue staining. The 48-hour
counts were entered into a logarithmic doubling time equation:

log(2}} I (log(Final Concentration}- log(lnitia/ Concentration)).

Doubling Time= (Duration

*

Doubling time was

significantly slower in cells cultured in galactose media versus cells grown in glucose media
(p< .05).
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Figure 2. MTT assay with 3 hour incubation. Cells were plated for 48 hours
before treatment. Absorbance was significantly lower in galactose condition
(n=3, p < . 05)
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Figure 3: Phase-contrast photographs of neurite outgro N2a cells
cultured in DMEM supplemented with either 10 mM galactose or
10 mM glucose, respectively.
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Figure 4: Percent of neurite bearing cells in N2a cells cultured in either DMEM + 10 mM glucose and 10%
FBS or DMEM + 10 mM galactose. Neurites were photographed and neurite length measured via Neuron

J. Neurite was defined as outgrowth greater than 30 µM. Percent of neurite bearing cells were
significantly higher in Neuro2a cells grown in galactose medium as compared to those grown in glucose
medium (p<0.04).
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Figure 5: Longest neurite on N2a cells cultured in either DMEM + 10 mM glucose or DMEM +
10 mM galactose respective sugar. Neurites were photographed and outgrowth was
measured via Neuron J. The longest neurite from each cell was recorded and averaged per
condition. Though differences were seen, they were not quite statistically significant (p

=

0.08).
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Figure 6: Combined neurite length of N2a cells cultured in either DMEM + 10 mM
glucose or DMEM + 10 mM galactose Cells were photographed and neurites were
measured via Neuron J. The lengths of all neurites present were combined and averaged
per condition. Combined neurite length was significantly greater in both the 10% FBS
(p<0.0001) and the 2% FBS (p=0.0005) conditions.
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Figure 7: The impact of galactose based medium on routine cellular respiration of Neuro2A
cells as opposed to cells cultured with 10 mM glucose present. The average respiration value
was obtained recorded over two minutes upon flux line stabilization. Galactose grown cells
were significantly higher in respiration rates than glucose-grown (p<0.0025} and higher than
cells cultured in both glucose and galactose (p<0.005).
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8: Images of Neuro2a cells in cultured in 10 mM glucose or 10 mM galactose stained

with Mitotracker Red.
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Figure 9: Western blot analysis of mitochondrial complexes. Quantification of bands
was performed via Image J software.
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Figure 10: Band quantification of western blot analysis.
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